ABSTRACT
INTRODUCTION
European and national policies are driving the way towards more efficient renewable technologies to support lowering carbon emissions. Within the UK connecting renewable energy resources to power delivery networks is viewed as being vital in meeting Government, European and global targets. With increased renewable generation searching for greater access to distribution networks brings the need for flexible control systems to actively manage generators within power system limits. Two UK distribution network operators/owners (DNO) networks, having different topologies and operating procedures, have been selected as case study networks for AuRA-NMS [1] [2] [3] .
While AuRA-NMS is being developed to perform automatic restoration, voltage control and power flow management, this paper focuses on the approaches investigated thus far for thermal constraint management. The authors are currently in the process of evaluating a number of different approaches to power flow management and, after comparative testing of these approaches through real time simulation, will select the most appropriate solution for use within AuRA-NMS. This paper discusses two of the candidate techniques under consideration:
• Power flow management as a constraint satisfaction problem, solved using constraint programming techniques; and • Power flow management using a current tracing approach.
The curtailment levels of DG when thermal constraints are applied to the network are examined and the speed in which the two techniques can identify and offer a solution to such thermal constraints is evaluated.
MANAGEMENT OF POWER FLOWS IN ACTIVE NETWORKS
Active network management (ANM) in distribution networks serves the purpose of avoiding or deferring expensive network reinforcement costs. The regulation of distributed generator (DG) outputs in real-time can offer less DG curtailment than the more rigid manner that power system planners/operators are presently compelled to impose. Research has identified the feasibility [4] of ANM methods to facilitate additional DG connections above the level currently allowed by conventional planning techniques [5] . A register of current ANM projects, worldwide, has been compiled which illustrates the breadth of research interest in this area at present [6] .
Power flow Management as a Constraint Satisfaction problem
Constraint Satisfaction Problem (CSP) formulations and solutions have been developed and used in the field of artificial intelligence over a number of years but have been applied to only a limited number of power system applications [7] . The CSP has distinctive characteristics that can be utilised to arrive at a solution to a general problem. A CSP is comprised of variables, domains and constraints. The finite set of variables can be labelled or assigned values The CSP solution, using a backtracking solver, that is presented within this paper, for solving thermal constraints, returns the best solution which is defined as the one where the least amount of DG is curtailed in order to maintain network operation within the thermal limits of circuits.
Power Flow Management as a current tracing problem
Current Tracing (CT) approaches have been applied to various power system applications [8] . A CT method requires no information about the connected DG units. The units and outputs are traced using an upstream searching algorithm that determines the outputs and names of DG units feeding into the thermally constrained line. The proportional sharing assumption is then applied to determine the percentage contribution to the constraint that particular DG units are making. A new real power set point is calculated and the CT proportions are applied to calculate the new real power set-points for each DG unit and a load flow simulation is performed to evaluate the solution. The software architecture is depicted in Figure 2 . 
CASE STUDY
The case study network, Figure 3 , comprises ring fed and radial 11kV feeders. There are two DG units connected to the system, the central unit DG A and the right most unit DG B, which are capable of exporting, at maximum rated output, 2MW and 4MW respectively. The positions of the forced thermal constraint are marked on Figure 3 .
• Constraint 1 is fed by DG A • Constraint 2 is fed by both DG A and DG B 
Analysis Method
The thermal constraints, forced upon the network, in Figure  3 , are purely for the purpose of evaluating the timing and generation curtailed by the CT and the CSP algorithms and this is the main focus of this paper. The generator outputs and loads were kept identical for the individual constraints to ensure comparable starting points for each algorithm. The results are split into two main sections:
• The CSP DG connection priority set for DG A having the highest priority • The CSP DG connection priority set for DG B having the highest priority For the CSP algorithm the generator domains (i.e. the permitted control parameter values) are changed to illustrate the accuracy versus speed of the algorithm. The variables in the CSP can set the DG power output levels in bandings of 5%, 10%, 20%, 25% and 50% of their rated outputs.
Results and Comparison
This section presents the analysis of the MW curtailment level and the time to find a solution for the given thermal constraints.
MW Curtailment Level
In Table 1 the megawatt levels of DG curtailed for constraint 1 and constraint 2 are shown. Also detailed are the levels of DG curtailed by the CSP algorithm when the bands (domain) of permissible generation are increased from 5% to 50%. The contractual right of DG A (A=1) and DG B (B=1) being connected to the network first, that is, having network access priority, is displayed in Table 1 . Table 1 above, shows that the CT solution, for both the thermal constraints, suggests less generation is required to be curtailed. For the CSP algorithm set with a 5% banding the levels of curtailed DG for each of the cases is very closely matched to that of the CT algorithm.
With the CSP priority of connection set as DG A the onus is on DG B to solve the thermal constraint. The level of generation from DG A did not need to be reduced as DG B was able to offer a solution to both constraints. As the banding is increased so is the level of DG required to be curtailed. It can be observed, for thermal constraint 2, that a 20% banding curtails more generation than that of the 25% and 50%.
Also shown in Table 1 are the curtailment levels with DG B having the priority to the network under the CSP connection constraints. The CSP result was that DG A initially tries to solve the network thermal constraint, however, this was not possible and in all cases DG A was set to output 0MW and the remaining curtailment was required to be carried out by DG B. Table 1 demonstrates that there are better real-time solutions to the thermal constraints than conventional tripping schemes assuming that, for constraint 1, the minimum generation, to be curtailed under inter-trip type approaches to thermal constraint management would be DG A at 2MW and for constraint 2 the minimum would be DG B at 4MW. Figure 4 , illustrates the level of DG outputs for both constraints and all tripping strategies using the CSP results with bands set to 5%. 
Algorithm Solution Times
The computation of solutions for real-time power system control requires a sufficiently small computation time to avoid the operation of any other protection and control systems or the development of a real thermal/sag problem. Table 2 shows the timings for the algorithms to calculate solutions for the two given thermal constraints. The CSP algorithm has the ability to detect the overload and determine its best solution (i.e. highest possible level of DG output) whilst maintaining contractual priorities to network access for the two generator case study. This is linked not only by the computational element of the algorithms but by the quantity of load flows and algorithm iterations that are necessary to solve for each of the constraints.
FUTURE WORK
Similar tests could be carried out on the following and should be the focus of future work:
• The interconnected network • Increased DG connections i.e. increasing the number of possible control actions
In addition, the relationship between the number of load flow solutions required, algorithm iterations and solution timings could be investigated.
CONCLUSIONS
The results presented in this paper are the first indications of the processing time and the level of DG curtailment necessary for solving thermal constraints using a CT and a CSP method. Both methods are capable of finding solutions for thermal constraints for power flow management purposes as long as a feasible solution exists.
The MW curtailment of DG was shown to be marginally less when, solving for the two thermal constraints, using the CT algorithm compared with that of the CSP set with a 5% band on DG output level.
The test results show that both algorithms can perform in a suitably fast timescale for real-time implementation. However, further investigation is required to identify the scalability of the algorithms when additional generators are connected to the networks.
Both algorithms are proficient in maximising the DG access to the network under the power flow constraint, though, CT does not take into account the DNO and DG operators' contractual connection agreements. If contractual constraints are taken into account then power flow management solved via CSP is the better of the two approaches investigated.
